INTRODUCTION
============

Neurodegenerative diseases, such as Alzheimer disease, Parkinson disease (PD), Huntington disease, and amyotrophic lateral sclerosis are characterized by the progressive loss of specific neural cells, and are associated with protein aggregation and accumulation \[[@B1],[@B2]\]. Recently, it has been reported that oxidative stress might be involved in the dysfunction or death of neural cells that contributes to the pathogenesis of neurodegenerative diseases \[[@B3],[@B4],[@B5],[@B6]\]. Oxidative stress is the result of unregulated production of reactive oxygen species, which lead to impaired cellular function through oxidative damage of lipids, proteins, and DNA \[[@B7]\].

PD is one of the most common neurodegenerative diseases, which is caused by selective cell death of dopaminergic neurons in the substantia nigra. Parkin is a 465 amino acid protein that contains two really interesting new gene (RING) finger domains and one in between RING domain that serves as an E3 ubiquitin ligase. Parkin functions to remove misfolded proteins and protect against cell death \[[@B8]\]. Mitochondrial dysfunction and oxidative damage also have been reported in parkin null mice \[[@B9]\], which suggests a protective role of parkin against oxidative stress. Recently, parkin and its interaction with PTEN induced putative kinase 1 have been shown to participate in the maintenance of mitochondrial function \[[@B10],[@B11],[@B12]\].

To determine whether parkin is associated with neuronal cell death caused by oxidative stress, parkin knockout embryonic stem cells (PKO ES cells) were used. PKO ES cells have the potential to differentiate into neuronal cells including dopaminergic neurons. *In vitro*, this system more closely reflects neuronal cells than established cell lines, such as SH-SY5Y, PC12, and NM9D. 1-Methyl-4-phenylpyridinium (MPP^+^) was used as an oxidative stressor, which is well known to induce cellular oxidative stress and PD-like symptoms.

METHODS
=======

Maintenance and differentiation of ES cells
-------------------------------------------

PKO ES cells were generated by deleting exon 2 of the parkin gene (unpublished data), and was provided by Dr. Richard Palmiter at University of Washington. Wild-type (WT) and PKO ES cells were maintained on mouse embryonic fibroblast feeder cells with leukemia inhibitory factor (1,000 U/mL, Chemicon, Temecula, CA, USA) in ES cell medium consisting of Dulbecco\'s modified Eagle\'s medium supplemented with 15% fetal bovine serum, 100 mM nonessential amino acid, 0.5% antibiotics, and 0.55 mM 2-mercaptoethanol, at 37℃ in a 5% CO~2~. The adherent monolayer culture method was used for the differentiation of ES cells into neural cells as previously described without any modifications \[[@B13]\].

Reverse-transcriptional polymerase chain reaction
-------------------------------------------------

Total RNA was isolated using a ToTALLY RNA kit (Ambion, Austin, TX, USA). One microgram of the RNA template was reverse-transcribed using a Transcript First Strand cDNA Synthesis kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturer\'s guidance. Subsequently, a 2 µL aliquot of each sample was subjected to real-time polymerase chain reaction (PCR) in a 20 µL reaction mixture containing 4 mM MgCl~2~, 10 pmol of upstream and downstream primers, and 2 µL of 10X Light Cycler Fast Start DNA Master SYBR Green 1 (Roche Diagnostics). Data were analyzed with Light Cycler software version 3.5 (Roche Diagnostics). The following primer sets were chosen for real-time PCR analyses.

Glyceraldehyde 3-phosphate dehydrogenase: 5\'-GTGTTCCTACCCCCAATGTG-3\'; 5\'-TGTGAGGGAGATG-CTCAGTG-3\' (400 bp), Nurr1: 5\'-CGGTTTCAGAAGTGCCTAGC-3\'; 5\'-CTGGGTTGGACCTGTATGCT-3\' (420 bp), Pitx3: 5\'-ACAAAGTGGAAC-CCCTATGAG-3\'; 5\'-TTCTTGGCCAATCTGTAGGA-3\' (255 bp), tyrosine hydroxylase (TH): 5\'-TTGGCTGACCGCACATTTG-3\'; 5\'-ACGAGAGGC-ATAGTTCCTGAGC-3\' (336 bp), aromatic L-amino acid decarboxylase (AADC): 5\'-AGAAGAGGCAAGGAGATGGTGG-3\'; 5\'-AAGCGAAGAAAT-AGGGAC-TCTGC-3\' (214 bp), dopamine receptor 2 (D2R): 5\'-CCTT-CATCGTCACCCTGCTGG-3\'; 5\'-CTCCATTTCCAGCTCCTGAG-3\' (245 bp/158 bp).

Immunocytochemistry
-------------------

Cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 20 minutes at room temperature, and treated with 0.3% Triton X-100 in 10% normal goat serum for 45 minutes. Cells were incubated at 4℃ overnight with primary antibodies in blocking solution. After washing with PBS containing 0.1% bovine serum albumin three times, cells were incubated at room temperature for 1 hour with fluorescently labeled secondary antibodies. Subsequently, cells were washed three times with PBS containing 0.1% bovine serum albumin, and then washed with PBS containing 4, 6-diamidino-2-phenylindole (DAPI) for nuclear staining. After nuclear staining, cells were washed once more with distilled water, then mounted with CRYSTAL/MOUNT (Biomeda Corp., Foster City, CA, USA). The following primary antibodies were used. MAP2 (1:500, Chemicon), Tuj1 (1:500, Chemicon), TH (1:500, Chemicon), and cleaved caspase 3 (1:250, cell signaling).

Fluorescence-activated cell sorting
-----------------------------------

WT and PKO ES cells were differentiated into neural cells for 12 days. Subsequently, cells were treated with or without MPP^+^ (1 mM, Sigma, St. Louis, MO, USA) for 24 hours. Cells were harvested using 0.25% trypsin/ethylenediaminetetraacetic acid (Invitrogen, Carlsbad, CA, USA) containing DNase I (4 U/mL, Roche Diagnostics), and gently dissociated into a single-cell suspension. Then, cells were fixed and treated using a Cytofix/Cytoperm kit (BD Pharmingen, San Diego, CA, USA) according to the manufacturer\'s guidelines. Primary antibodies were added and incubated for 1 hour, and cells were then washed, incubated with Alexa Fluor 488 and/or 594 fluorescent secondary antibodies for 30 minutes, and subsequently washed. Fluorescence-activated cell sorting (FACS) was performed using a FACSAria cell sorter and FACSDiva software (BD Biosciences, San Jose, CA, USA). All FACS experiments were repeated at least three times.

MTT assay
---------

ES cells (6×10^2^ cells/well) were seeded onto 12-well plates, differentiated into neural cells for 12 days, and then treated with MPP^+^ (0, 100, 500, 750, 100, 1,250, and 1,500 µM, Sigma) for 24 hours. Next, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (0.5 g/L) was added into each well and incubated at 37℃ for 2 hours. Supernatants were removed and formazan crystals were dissolved in dimethylsulfoxide. Finally, optical density was determined at 570 nm by a SPECTRA max Plus (Molecular Devices, Sunnyvale, CA, USA).

Western blot analysis
---------------------

To analyze the cell signaling pathways, Western blot analysis was performed. ES cells were differentiated into neural cells on 60 mm dishes and were treated with or without 1 mM MPP^+^ for 24 hours. Following treatment, the media were aspirated and the cells were washed twice in ice-cold PBS and suspended in 100 µL of lysis buffer. The samples were then heated for 5 minutes at 95℃, and centrifuged for 5 minutes. The quantitative analysis of protein was carried out via bicinchoninic acid assay. The samples were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (8%) gels, and transferred to nitro cellulose membranes. The blots were incubated with 5% skim milk at room temperature for 1 hour. Next, the blots were incubated overnight at 4℃ with primary antibodies, and then washed three times in Tris-buffered saline/0.1% Tween 20 prior to 1 hour of probing with horseradish peroxidase-conjugated secondary antibodies at room temperature. The blots were then visualized via enhanced chemiluminescence (Amersham Biosciences, Buckinghamshire, UK). In some cases, the blots were stripped and reprobed using other antibodies.

Data analysis
-------------

Data are expressed as means±SEM. Statistic analyses were conducted using SigmaStat (SPSS Inc., Chicago, IL, USA). *P* values of \<0.05 were considered statistically significant.

RESULTS
=======

Differentiation of PKO and WT ES cells into neural cells by adherent monolayer culture method
---------------------------------------------------------------------------------------------

To examine differences in efficiency of neural differentiation, WT and PKO ES cells were differentiated into neurons by the adherent monolayer culture method. Morphological changes were observed during a differentiation period, and immunocytochemistry was performed with MAP2, a mature neuron marker. There were no differences in the morphology or differentiation of MAP2-positive cells between WT and PKO cells ([Fig. 1A](#F1){ref-type="fig"}). Specifically, the efficiency of neural differentiation into dopaminergic neurons showed no difference between WT and PKO ES cells, as determined by immunocytochemistry with TH, a dopaminergic neuron marker ([Fig. 1B](#F1){ref-type="fig"}). Real-time RT-PCR analysis with dopaminergic neuron markers such as Nurr1, Pitx3, AADC, TH, and D2R also showed no difference between WT and PKO cells ([Fig. 1C](#F1){ref-type="fig"}).

Cell death of PKO and WT neural cells by oxidative stress
---------------------------------------------------------

To investigate the response of PKO neural cells against oxidative stress, MPP^+^, a metabolite of 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), was treated with serial concentrations (0, 100, 500, 750, 1,000, 1,250, and 1,500 µM) after 15 days of differentiation for 24 hours. MTT assay showed that almost 60% of cells had died from 750 µM to 1.5 mM of MPP^+^ treatment, and there were no significant differences in the profile of cell death between WT and PKO neural cells ([Fig. 2](#F2){ref-type="fig"}).

Activation of caspase 3 in WT and PKO neural cells by oxidative stress
----------------------------------------------------------------------

To test whether MPP^+^-induced neuronal cell death is associated with apoptotic cell death, caspase 3 activity was determined with FACS analysis, Western blot analysis, and immunocytochemistry. Differentiated cells were treated with 1 mM MPP^+^, at which dose almost half of the cells died ([Fig. 2](#F2){ref-type="fig"}); Tuj1 (a neural cell marker) and activated caspase 3 double positive cells were examined by FACS analysis. The Tuj1 and activated caspase 3 double positive cells were increased in MPP^+^-treated groups by 3-fold. However, there were no significant differences in MPP^+^-induced caspase 3-dependent apoptotic cell death between WT and PKO neural cells ([Fig. 3A](#F3){ref-type="fig"}). Western blot analysis ([Fig. 3B](#F3){ref-type="fig"}) and immunocytochemistry ([Fig. 3C](#F3){ref-type="fig"}) also showed no differences in MPP^+^-induced caspase 3-dependent apoptotic cell death between WT and PKO neural cells.

Activation of caspase 3 in WT and PKO dopaminergic neurons by oxidative stress
------------------------------------------------------------------------------

The sensitivity of PKO dopaminergic neurons against MPP^+^-induced oxidative stress was examined by FACS analysis. Initially, the Tuj1 and TH double positive cell population was examined. The double positive cell population represented about 20% of the Tuj1-positive cells (data not shown). After exposure to 1 mM MPP^+^, FACS analysis was performed with TH and activated caspase 3 antibodies. Double positive cells per TH-positive cells (26.14%±15.62% in WT cells and 19.81%±12.75% in PKO cells) were similar in the two groups ([Fig. 4A](#F4){ref-type="fig"}). Immunocytochemistry with TH and activated caspase 3 antibodies also showed a parallel result with the FACS analysis of the two groups ([Fig. 4B](#F4){ref-type="fig"}).

DISCUSSION
==========

It has been reported that Parkin, which is located in the cytoplasm or mitochondrial outer membrane, inhibits cell death induced by various stressors \[[@B14]\]. Most studies concerning the function of parkin against oxidative stress were performed in established cell lines, such as SH-SY5Y, PC12, and NM9D, which may not faithfully represent real conditions. To overcome these issues, PKO neural cells differentiated from PKO ES cells were used to examine the function of the parkin gene in cell death caused by oxidative stress. Consistent with the goals of our study, there were no differences in the neural differentiation efficiency between PKO and WT cells. This result was in accord with an *in vivo* study, which showed the number of TH-positive neurons were not different between WT and PKO mice \[[@B15]\].

As an oxidative stressor, MPP^+^, which is an active metabolite of MPTP, was used. MPTP is known to inhibit the mitochondrial complex 1, and induce cellular oxidative stress \[[@B16], [@B17]\]. Previous studies suggest that MPP^+^ is able to induce apoptotic cell death *in vitro* in various cell lines \[[@B18],[@B19],[@B20],[@B21]\]. In this study, PKO neural cells showed no significant differences compared with WT cells against MPP^+^-induced oxidative stress as examined with MTT assay ([Fig. 2](#F2){ref-type="fig"}) and caspase 3 activity-dependent apoptotic cell death ([Figs. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}). These results match with *in vivo* studies using PKO mice \[[@B22]\], and suggest that the parkin gene is not directly associated with cell death caused by MPP^+^-induced oxidative stress in neuronal cells differentiated from ES cells *in vitro*. However, these results differ from previous studies, which showed a protective role of parkin through ectopic over expression \[[@B23],[@B24],[@B25],[@B26]\]. From these differences, it is apparent from this study that the protective function against oxidative stress is not a major component in the anticell death machinery.

This study analyzed the induced neural cells from ES cells. To exclude the possible contamination of other cell types differentiated from ES cells, we performed FACS analysis and immunocytochemistry to detect contamination at the single cell level. FACS analysis is based on cell population, hence a relatively small difference between groups is not easily distinguishable. Therefore, immunohistochemical marker analysis was carried out together. Immunocytochemistry data showed that more cells were activated caspase 3-positive in PKO cells after MPP^+^ treatment ([Figs. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}).

In summary, PKO neuronal cells showed no significant difference in caspase 3-dependent cell death against MPP^+^-induced oxidative stress.
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![Induction of dopaminergic neurons from wild-type (WT) and parkin knockout embryonic stem (PKO ES) cells by the adherent monolayer culture method. (A) Induction of neural cells from WT and PKO ES cells by the adherent monolayer method. Representative images were taken 0, 5, 10, and 15 days after differentiation. Immunocytochemistry shows MAP2-positive mature neural cells, and 6-diamidino-2-phenylindole (DAPI) was used for nuclear staining. (B) Expression of tyrosine hydroxylase (TH) 15 days after differentiation. TH^+^ neurons were analyzed by immunocytochemistry with an anti-TH antibody 15 days after differentiation. The 10% to 12% of cells were identified as TH-positive cells. (C) Reverse-transcriptional polymerase chain reaction analysis of dopaminergic neuron markers, such as Nurr1, TH, Pitx3, aromatic L-amino acid decarboxylase (AADC), and dopamine receptor 2 (D2R) at 15 days after differentiation. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. Data are expressed as mean±SEM (*n*=3 per group). Statistical analysis was performed by Student *t* test. No significant differences in dopaminergic neuron marker expression were observed between WT and PKO cells.](enm-29-62-g001){#F1}

![Cell viability analysis after treatment with 1-methyl-4-phenylpyridinium (MPP^+^) by MTT assay. MPP^+^ was treated at various concentrations (0, 100, 500, 750, 1,000, 1,250, and 1,500 µM) for 24 hours, at 15 days after differentiation. MTT assay was performed for viability of differentiated cells. Data are expressed as mean±SEM (*n*=6 per group). Statistical analysis was performed by two-way analysis of variance. No significant differences in the MPP^+^ susceptibility were observed between wild-type (WT) and parkin knockout (PKO) cells.](enm-29-62-g002){#F2}

![Activity of caspase 3 in 1-methyl-4-phenylpyridinium (MPP^+^) treated wild-type (WT) and parkin knockout (PKO) neuronal cells. (A) Fluorescence-activated cell sorting analysis of WT and PKO cells treated with 1 mM MPP^+^ for 24 hours with anti-Tuj1 and antiactivated caspase 3 antibodies. Double^+^ cells represent colabeling with Tuj1 and activated caspase 3. The right panel shows the percentage of double^+^ cells per Tuj1 positive cells. (B) Western blot analysis of caspase 3 activity in WT and PKO cells. Cells were harvested 24 hours after 1 mM MPP^+^ treatment and Western blot analysis was performed with an activated caspase 3 antibody. β-Actin was used as an internal control. (C) Immunocytochemistry of WT and PKO cells treated with 1 mM MPP^+^ for 24 hours with anti-Tuj1 (green) and activated caspase 3 (red) antibody (scale bar, 20 µm). While MPP^+^ treatment causes a significant increase in caspase 3 activity, no significant differences in caspase 3 activity are observed between WT and PKO neural cells. Data are expressed as the mean±SEM (*n*=3 per group). Statistical analysis was performed by Student *t* test. CTL, control without MPP^+^ treatment; DAPI, 4, 6-diamidino-2-phenylindole.](enm-29-62-g003){#F3}

![Activity of caspase 3 in 1-methyl-4-phenylpyridinium (MPP^+^) treated wild-type (WT) and parkin knockout (PKO) dopaminergic neurons. (A) Fluorescence-activated cell sorting analysis of WT and PKO cells treated with 1 mM MPP^+^ for 24 hours with tyrosine hydroxylase (TH) and activated caspase 3 antibodies. Double^+^ cells represent colabeling with TH and activated caspase 3 antibodies. Graphs show the percentage of double positive cells per TH-positive cells. (B) Immunocytochemistry of WT and PKO cells treated with 1 mM MPP^+^ for 24 hours with TH (red) and activated caspase 3 (green) antibodies (scale bar, 20 µm). No significant differences in caspase 3 activity were observed between WT and PKO dopaminergic neurons. Data are expressed as mean±SEM (*n*=3 per group). Statistical analysis was performed by Student *t* test. CTL, control without MPP^+^ treatment; DAPI, 4, 6-diamidino-2-phenylindole.](enm-29-62-g004){#F4}
